Using a pulsed laser deposition (PLD) process on a ZnO target in an oxygen atmosphere, thin films of this material have been deposited on Si (111) substrates. An Nd: YAG pulsed laser with a wavelength of 1064 nm was used as the laser source. The influences of the deposition temperature, laser energy, annealing temperature and focus lens position on the crystallinity of ZnO films were analyzed by X-ray diffraction. The results show that the ZnO thin films obtained at the deposition temperature of 400 • C and the laser energy of 250 mJ have the best crystalline quality in our experimental conditions. The ZnO thin films fabricated at substrate temperature 400 • C were annealed at the temperatures from 400 • C to 800 • C in an atmosphere of N 2 . The results show that crystalline quality has been improved by annealing, the optimum temperature being 600 • C. The position of the focusing lens has a strong influence on pulsed laser deposition of the ZnO thin films and the optimum position is 59.5 cm from the target surface for optics with a focal length of 70 cm.
Introduction
In recent years, ZnO thin films have been the subject of much attention because they are similar to GaN on several properties, such as wurtzite structure and wide band-gap (ZnO: 3.37 eV, GaN: 3.39 eV). Independently, ZnO does possess some unique properties, for an example, ZnO is thermally and chemically stable in air, highly efficient UV emission resulted from a large excitation binding energy of 60 meV and so on. ZnO has been applied in transparent conductive contacts [1] , varistors [2] , surface acoustic wave * E-mail: byman@sdnu.edu.cn devices [3] , thin film gas sensors [4] , UV laser [5, 6] and others [7] .
Many different techniques such as laser molecular beam epitaxy (LMBE) [8] , metal organic chemical vapor deposition (MOCVD) [9] , spray pyrolysis [10] , reactive thermal evaporation [11] , and magnetron sputtering [12] have been employed to fabricate oxide films. Compared to these techniques, pulsed laser deposition (PLD) is considered a better growth method for thin films. PLD has many features, such as lower temperature of film crystallization, deposition in relatively high oxygen-partial pressure [13] , and easy introduction of dopants in films [14] . Thus, the PLD technique has been widely applied in the formation of high quality thin films.
So far, the excimer laser with shorter wavelength and purity of Zn target have been widely used to grow ZnO thin films. However, by our knowledge, few reports were published on a laser with a wavelength of 1064 nm and high purity ZnO target (purity: 99.99%). In this paper, we have tried PLD growth of ZnO on Si(111) substrates at different temperatures, laser energy, and lens positions. We study the structural properties of ZnO thin film fabrication in the different situations. X-ray diffraction (XRD) is used to evaluate the effects of the temperature, laser energy, and lens positions on the properties of ZnO thin films. In addition, the post-annealing is an important method for improving the quality of thin films. In our experiment, the ZnO thin films fabricated at substrate temperature 400
• C were annealed at the temperatures from 400
• C to 800
• C in an atmosphere of N 2 . The effect of the annealing temperature on the properties of ZnO films is analyzed.
Experimental
Depositions were carried out in a stainless steel vacuum chamber evacuated by a turbomolecular pump to a base pressure of 10 −5 Pa. The schematic diagram of the experimental set up has been given in former published paper [15] . An Nd: YAG laser with a wavelength of 1064 nm, a pulse duration of 10 ns, and a repetition rate of 10 Hz was focused through a lens with a focal length of 70 cm onto a rotating target at a 45˚angle of incidence. The target was a polycrystalline ceramic ZnO target (99.99% purity). The rotating heating stage of the substrate was located 4 cm away from the target. The film thickness is measured by weighing method. During the deposition, the target was rotated at 8 rpm. The O 2 partial pressure was maintained at 0.13 Pa by adjusting the flow rate of the O 2 gas and the gaseous species were collected on undoped Si(111) substrates. The Si(111) substrates had been rinsed two times in acetone with ultrasonic vibration, 20 min each, and then rinsed in ethanol again before they were put into the deposition chamber. The deposition temperature and laser energy were changed in the range of 100-500
• C and 100-300 mJ, respectively. Some ZnO thin films deposited at the temperature of 400
• C have been annealed immediately at temperatures from 400
• C for 15 min in atmospheric N 2 in a diffusion furnace (Model L4513?-2/QWZ). The structural properties of the sample were investigated by Rigaku D/max-rB X-Ray Diffraction spectroscopy with Cu Kα line radiation at 0.15418 nm. A standard θ-2θ scanning method was employed in the XRD for the crystallographic phase analysis of the deposited films. • C), 0.84 (400 • C) and 0.86 (500 • C), respectively. The XRD peak at around 2θ=34˚is attributed to (002) the plane of the ZnO thin films. In addition, there is one weak peak appearing at 2θ=31.4˚as shown in Fig. 1 which is corresponding to (100) the plane of the ZnO thin films, which indicates that the structure of thin films deposited at 100
• C are amorphous. With increasing deposition temperature, the intensity of the ZnO (100) peak decreases gradually and disappear when the temperature is above 300
• C, while the intensity of the ZnO(002) peak becomes stronger and the FWHM of ZnO(002) peak decreases at the same time. The FWHM of 2θ values revealed the crystallinity of the film [13] . These changes mean that the c-orientation and the crystallinity of the specimens become better, obviously, with the increase of the substrate temperature. The reason is that the high substrate temperature enhances the mobility of the atoms on the surface and increases thermodynamic stability. When the substrate temperature reaches 500
• C, the ZnO(002) peak becomes weak and broad. This is because of the too high substrate temperature which leads to the re-evaporation of the adatoms from the surface. The film becomes clearly less orientated and the crystalline quality is degraded. So the quality of the ZnO thin films cannot be improved with too low or too high substrate temperature. 
Effect of laser energy
Fig . 2 shows the XRD of ZnO thin films deposited at different laser energies. It is found that the laser energy plays an important role in determining the structure of ZnO thin films. It is clear that the deposited films at low laser energy have single crystalline structures with (002) preferred orientation. As the laser energy is increased from 100 to 250 mJ, the preferred orientation of (002) shows a further increase in the peak intensity. When the laser energy is increased to 300 mJ, the intensity of the (002) peak decrease and the structure of the film becomes polycrystalline. It is suggested that the surface energy of (002) orientation is the lowest in the ZnO crystal [16] . Therefore, at the optimized laser energy, atoms on the surface have high mobility and enough time to move to look for the lowest energy sites before they are covered by the next layer of atoms. Our experimental conditions and results have indicated that the laser energy of 250 mJ is optimum for crystal growth.
Figure 3. XRD of ZnO thin films deposited at 400
• C and annealed at temperatures from 400
• C to 800 • C.
Effect of anneal
The thin films deposited at the temperature of 400 • C and the laser energy of 200 mJ were annealed at various temperatures from 400
• C to 800 • C. Fig. 3 shows the XRD spectra of the as-grown and annealed films. The result indicates that both of the as-grown films and the annealed film show the similar single-peak XRD patterns. With the increase of annealing temperature, a dominant rise of XRD intensity and a monotonical decrease of the FWHM of XRD for ZnO films can be found under 600
• C, which indicates that the annealed films have better crystalline orientation. In addition, the FWHM value of the as-grown ZnO thin film is 0.854, but that for the film annealed at 800
• C in one atmospheric pressure of ambient N 2 for 15 min is 0.293. The result above indicates that crystallinity of ZnO thin film was improved by annealing. Meanwhile, it should be noticed that too high annealing temperature (>600
• C) has resulted in the decreasing of XRD intensity of ZnO films. When the annealing temperature is increased to 800
• C, the polycrystalline structure emerges with weak (100) and (101) peak (not shown in figure) . Therefore, the optimum annealing temperature for ZnO film deposited on Si(111) substrate at the temperature of 400
• C and the laser energy of 200 mJ, is 600 One can also find that the XRD peak shift towards higher angles with increasing annealing temperature, W.K. Kim [17] and S.H. Jeong et al. [18] also obtained similar results. The reason for this is the introduction of macro-strain owing to the mismatch in thermal expansion coefficients (TEC) between substrate and film. The effect of this TEC mismatch would enlarge the ZnO a-b plane leading to higher angles as the substrate and film are cooled down from higher temperatures [19] . According to the result of Z.B. Fang et al. [20] , there is a transforming point of stress from press stress to strain stress during the annealing. The 2theta value of un-stressed ZnO powder for (002) orientation is 34.44
• , and those for ZnO films annealed at temperature of 400
• C, 500
• C, 600
• C, 700
• C and 800
• C are 34. • C in our annealing process for stress releasing. . It can be seen from the figure that the FWHM of the XRD peak at (002) for the film deposited at the distance of 59.5 cm is minimum and two maxima are separated by this. These results indicate that the thin films deposited at 59.5 cm have the strongest intensity and narrowest FWHM of XRD peak at (002), so the critical position is 59.5 cm not at the focus position. The reason for this may be that at the focus position, too high a laser energy density leads to the re-sputtering and degradation of the film quality. At the distance of 59.5 cm, the kinetic energy of the atoms on the film surface is suitable for combining with each other and no re-sputter. This will improve the crystallinity of the ZnO thin films. But at over short distance such as 56 cm the decline of the kinetic energy of the atom make the mobility and the collision rate of the surface atoms decrease, which may cause the XRD line to broaden.
Effect of focus lens position

Conclusions
The ZnO thin films were deposited on Si(111) substrates by an Nd: YAG pulsed laser with a wavelength of 1064 nm and a high purity ZnO target. The XRD analysis results indicate that the structure and crystalline quality of the ZnO thin films have strong dependence on the deposition temperature, laser energy, annealing temperature, and focus lens position. In our experimental conditions, the deposition temperature of 400 • C and the laser energy of 250 mJ are preferred for getting high quality ZnO thin films. The crystalline quality of the films can be improved by annealing, the best temperature being 600
• C. The optimum focus lens position is 59.5 cm from the target surface for a lens with a focal length of 70 cm.
